Abstract. In Alzheimer Disease (AD), dementia is due to cell loss and impaired synaptic function. The cell loss is mediated by increased apoptosis, predisposition to apoptosis, and impaired mitochondrial function. Previous studies demonstrated that the AD7c-NTP neuronal thread protein gene is over-expressed in AD beginning early in the course of disease, and that in AD, AD7c-NTP protein accumulation in neurons co-localizes with phospho-tau-immunoreactivity. To determine the potential contribution of AD7c-NTP over-expression to cell loss in AD, we utilized an inducible mammalian expression system to regulate AD7c-NTP gene expression in human CNS-derived neuronal cells by stimulation with isopropyl-1-␤-D-thiogalactopyranoside (IPTG). IPTG induction of AD7c-NTP gene expression resulted in increased cell death mediated by apoptosis, impaired mitochondrial function, and increased cellular levels of the p53 and CD95 pro-apoptosis gene products as occur in AD. In addition, over-expression of AD7c-NTP was associated with increased levels of phospho-tau, but not amyloid-␤ immunoreactivity. These results suggest that AD7c-NTP over-expression may have a direct role in mediating some of the important cell death cascades associated with AD neurodegeneration, and further establish a link between AD7c-NTP overexpression and the accumulation of phospho-tau in preapoptotic CNS neuronal cells.
INTRODUCTION
Cerebral atrophy in Alzheimer disease (AD) has been linked to cell death and loss of synaptic terminals. Neuronal death in AD is mediated by apoptosis or enhanced predisposition to apoptosis (1-7) associated with increased expression of the p53, CD95 (Fas Receptor), Bax, and Bcl-x pro-apoptosis gene products (3, (8) (9) (10) . Amyloid ␤ peptide is neurotoxic (11) (12) (13) (14) (15) (16) and can promote apoptosis by 1) activating pro-apoptosis genes or inhibiting anti-apoptosis genes (12, 17) ; 2) signaling through G-proteins (18); 3) promoting superoxide and oxidative free radical production (19-21); 4) synergistically acting with other neurotoxic or excitotoxic agents (22) ; 5) disrupting intracellular ion homeostasis; or 6) interacting with mutated presenilin to perturb cellular calcium regulation and promote oxidative stress (23, 24) . However, apoptosis in sporadic AD may also be related to other underlying abnormalities that render cells more susceptible to oxidative stress and apoptosis since cell death in AD brains frequently occurs at a distance from the A␤ deposits (3, 6, 25) . The roles of oxidative stress and free radical damage as major contributors to cell loss in AD as well as other neurodegenerative diseases (26) (27) (28) (29) (30) (31) (32) (33) (34) has become a major focus of investigation. Recent studies demonstrated that, in addition to apoptosis, mitochondrial DNA damage represents a second major factor contributing to cell loss and increased susceptibility to apoptosis in AD (35) . The increased mitochondrial DNA damage in AD is associated with reduced mitochondrial mass and reduced mitochondrial enzyme gene expression (35) . Impaired mitochondrial function could enhance neuronal sensitivity to apoptosis and result in the activation of pro-apoptosis signaling as occurs in AD (36, 37) .
Previous investigations of gene expression abnormalities associated with early sporadic AD led to the identification of AD7c-NTP (NTP ϭ neuronal thread protein) (38) . AD7c-NTP is a novel cDNA that was isolated from a library prepared with mRNA extracted from AD temporal lobe tissue. The AD7c-NTP cDNA encodes a ϳ41 kD membrane-spanning protein in which subsequence analysis predicts the presence of a hydrophobic leader sequence, a myristoylation site, and17 cAMP, calmodulin-dependent protein kinase II, protein kinase C, or glycogen synthase kinase 3 phosphorylation sites (38) . AD7c-NTP mRNA and protein levels are increased in brains with AD (38, 39) . With regard to the typical neurodegenerative lesions, AD7c-NTP immunoreactivity was found co-localized with phospho-tau in neurons but unassociated with amyloid-␤ deposits. In addition, there appeared to be a reciprocal relationship between levels of AD7c-NTP and the levels of phospho-tau such that neurons with normal or only slightly altered cytomorphology exhibited intense degrees of AD7c-NTP immunoreactivity and low but detectably increased levels of phospho-tau, whereas the presence of mature, well-delineated phospho-tau-immunoreactive neurofibrillary tangles was associated with relatively low levels of AD7c-NTP (38) . These results raised further questions regarding the potential sequence of events that leads to neuronal degeneration and the apparent link between PNET2 human CNS-derived neuronal cells (40) were used to study the effects of AD7c-NTP expression. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 4 mM glutamine, 10 mM nonessential amino acid mixture (Gibco-BRL, Grand Island, NY), and 9 g/l glucose (complete neuronal medium). Studies were done using cells seeded into 10 2 cm Petri dishes (2 ϫ 10 5 cells/dish) or 96-well plates (2 ϫ 10 4 cells/well).
Establishment of an Inducible Expression System to Study AD7c-NTP Over-Expression in Human CNS Neuronal Cells
The LacSwitch II inducible mammalian expression system (Stratagene, La Jolla, CA) was used to generate stably transfected PNET2 neuronal cell line clones in which AD7c-NTP gene expression was induced by stimulation with isopropyl-1-␤-D-thiogalactopyranoside (IPTG) (1-5 mM). PNET2 cells were first stably transfected with the pCMVLacII vector in which expression of the Lac repressor protein was driven by a CMV promoter and targeted to the nucleus by the nuclear localization sequence. Stable Lac clones were maintained with hygromycin B (50 g/ml). The clones were then transfected with a second vector (pOPRSV1) carrying the AD7c-NTP or chloramphenicol acetyltransferase (CAT) cDNA. The second vector contained an RSV promoter for driving gene expression and was equipped with ideal operator sequences for Lac repressor binding. Stable double transfectants were selected with hygromycin B (50 g/ml) plus neomycin (G418; 400 g/ml) and clones were isolated by the limiting dilution method (41) . Isopropyl-1-␤-D-thiogalactopyranoside (IPTG) stimulation (1-5 mM) turned off the Lac repressor protein and induced expression of CAT or AD7c-NTP within 8 hours (h). After induction, gene expression persisted for 48-96 h, and was rapidly inhibited by withdrawal of IPTG. In all experiments, IPTG was added once to the cultures, and the cells were analyzed 24-48 h later. CAT activity was measured as described previously (42) . In a limited number of studies, stably transfected PNET2 cells induced to over-express the membrane-spanning human aspartyl asparaginyl ␤-hydroxylase (AAH) (43) (44) (45) were studied to determine if the effects of AD7c-NTP over-expression on neuronal viability could be due to overwhelming accumulation of the protein in the endoplasmic reticulum and attendant nonspecific activation of cell death cascades.
Measurement of Viability
Viability was measured by the crystal violet (46) assay using cells seeded into 96-well plates. After aspirating the medium, the cells were stained for 5 min with crystal violet solution (0.75% Crystal violet, 50% ethanol, 0.25% NaCl, 1.75% formaldehyde solution), then rinsed in distilled water. After air drying, the cells were lysed with 200 l/well PBS containing 1% sodium dodecyl sulfate (SDS). The absorbances were measured in a Spectracount microplate reader (Packard Instrument Company, Meriden, CT). The crystal violet absorbances increased linearly with cell density between 10 4 and 5 ϫ 10 5 cells/well.
Analysis of Apoptosis
To detect apoptosis, the cells were evaluated for genomic (Gn) DNA fragmentation laddering, Gn DNA nicking and fragmentation using a quantitative solution-based assay, and nuclear pyknosis and karyorhexis. To isolate Gn DNA, cells grown in 10 cm 2 dishes were dounce homogenized in buffer containing 10 mM Tris, pH 7.5, 50 mM NaCl, and 0.25 M sucrose. Nuclei were pelleted by centrifuging the samples at 5000ϫ g for 15 min at 4ЊC. GnDNA was isolated from the nuclear pellets using 7 M guanidine HCl and Wizard Maxi-prep resin (Promega, Madison, WI) according to the manufacturer's protocol. DNA concentration and purity were assessed from the 260 nm and 280 nm absorbance values. To detect DNA fragmentation ladders, 10-g samples of GnDNA were electrophoresed in 3% agarose gels. The DNA stained with ethidium bromide and visualized with ultraviolet illumination. Hoechst's H33258 staining was used for in situ detection of nuclear karyorrhexis and pyknosis associated with apoptosis. The cells were fixed with Histochoice solution (Amresco, Solon, Ohio), permeabilized with 0.05% saponin in PBS. Replicate cultures were stained for 5 min at room temperature with 1 g/ml Hoechst H33258 in PBS. After rinsing in PBS, the labeled cells were preserved under coverglass with Vectashield (Vector Laboratories, Burlingame, CA) and examined by fluorescence microscopy.
Analysis of Mitochondrial Function
Mitochondrial function was assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (49) assay. The MTT assay is based upon the conversion of MTT to formazan by mitochondrial dehydrogenases. The MTT assay was performed with cells seeded into 96-well plates at a density of 2 ϫ 10 4 cells/well. Three hours prior to harvesting, the cells were labeled with MTT (500 g/ml). The cells were then rinsed briefly in PBS and lysed in acidic isopropanol (0.04 N HCl in isopropanol; 100 l/well). 
Protein Expression
Protein expression was assessed by Western blot analysis (41) and the Microtiter Immunocytochemical ELISA (MICE) Assay (50) . Western blot analysis was used to measure protein expression in cell lysates prepared in radioimmunoprecipitation assay (RIPA) buffer supplemented with protease and phosphatase inhibitors (41) . Protein concentrations were measured using the BCA assay (Pierce Chemical Company, Rockford, IL). Samples containing 60 g of protein were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), then transferred to PVDF membranes, and analyzed by Western immunoblotting (51-53). Immunoreactivity was detected with horseradish peroxidase conjugated secondary IgG and PicoWest enhanced chemiluminescence reagents (Pierce Chemical Company), and quantified using the Kodak Digital Imager System.
The MICE assay is a rapid and sensitive method of quantifying immunoreactivity in 96-well micro-cultures and combines the advantages of the enzyme-linked immunosorbent assay with immunocytochemical staining to permit in situ quantification of protein expression with values normalized to cell density (50) . Briefly, the cells were fixed overnight in Histochoice (Amresco), permeabilized with 0.05% saponin in Tris-buffered saline (50 mM Tris, pH 7.5, 0.9% NaCl; TBS), and blocked with Superblock-TBS (Pierce Chemical Company). The cells were then incubated overnight (10-12 h) at 4ЊC with primary antibody (0.5-1 g/ml) diluted in TBS containing 0.05% Tween-20 and 0.5% bovine serum albumin (TBST-BSA). Antibody binding was detected with horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG (Pierce Chemical Company) diluted 1:10,000 in TBST-BSA (30-min incubation at room temperature). Immunoreactivity was revealed with TMB (100 l/ well) soluble peroxidase substrate (Pierce Chemical Company). Reactions were stopped by the addition of 100 l/well of 1 M H 2 SO 4 , and the absorbances were measured at 450 nm using an automated ELISA reader. Between incubations, the cells were washed 3 times (2 min per wash) in TBS with gentle platform agitation.
To compare the levels of protein expression it was necessary to correct for differences in cell density. After measuring immunoreactivity, the plates were washed in TBS and the cells were stained 0.1% Coomassie blue dye in 40% methanol/10% acetic acid. After extensively washing the plates in water, the dye was eluted with 1% SDS in PBS (200 l/well). The absorbances (560 nm) were measured using a Spectracount plate reader (Packard Instrument Company). The MICE index was calculated from the ratio of the absorbances measured for immunoreactivity and cell density. Coomassie blue absorbance increases linearly with cell density between 1 ϫ 10 4 and 5 ϫ 10 5 cells per well. Eight or16 replicate culture wells were analyzed in each experiment. All experiments were repeated at least 3 times.
Statistical Analysis
Data depicted in the graphs represent the mean Ϯ SD generated with results obtained from 3 to 6 experiments. Intergroup comparisons were made using Student t-tests or analysis of variance (ANOVA) with Fisher least significant difference (LSD) post-hoc tests. Statistical analysis was performed using the Number Cruncher Statistical System (Dr. Jerry L. Hintze, Kaysville, UT).
RESULTS

Over-Expression of AD7c-NTP Using the LacSwitch Inducible System
PNET2 human CNS-derived neuronal cells were used to study the effects of AD7c-NTP expression. In preliminary studies, we observed that constitutive over-expression of AD7c-NTP caused progressive neuronal cell death, which prohibited the establishment of stably transfected cell lines. To circumvent this problem, we used the LacSwitch II inducible mammalian expression system (Stratagene) in which AD7c-NTP gene expression was regulated by IPTG stimulation (1-5 mM). With this 2-vector system, expression of the Lac repressor protein was driven by a CMV promoter, while expression of the AD7c-NTP or chloramphenicol acetyltransferase (CAT) cDNA was driven by an RSV promoter that contained operator sequences for Lac repressor protein binding. In the absence of IPTG, high level Lac repressor protein expression blocked transcription of AD7c-NTP or CAT, while stimulation with 1-5 mM inhibited Lac repressor protein expression and permitted the expression of CAT or AD7c-NTP. Gene expression was induced within 8 h of IPTG exposure, and persisted for 48-96 h. Withdrawal of IPTG resulted in inhibition of gene expression within 8-12 h.
Among the 556 doubly transfected clones that were isolated, we identified 8 that were suitable for study in that the basal (unstimulated) levels of AD7c-NTP or CAT gene expression were virtually undetectable, and IPTGinduced expression was increased by at least 2-fold above background. Representative results obtained from 2 CAT control clones (Lac A-CAT; Lac B-CAT) and 2 AD7c-NTP-expressing clones (Lac B-AD7c; Lac F-AD7c) are presented. Western blot analysis using the N3I4 monoclonal antibody generated to recombinant AD7c-NTP (38, 39) over-expressed the AD7c-NTP gene. As illustrated in Figure 1A and 1B, stimulation of LacF-AD7c cells with 3 or 4 mM IPTG resulted in sharply increased levels of AD7c-NTP protein expression by Western blot analysis and densitometry. Similar results were obtained using Lac B-AD7c cells, although the peak levels of AD7c-NTP expression were 50% lower than in LacF-AD7c cells (data not shown).
The MICE assay was also used to measure AD7c-NTP because the assay is more sensitive and permits analysis of multiple replicate cultures in each experiment. The MICE assay studies demonstrated increased levels of N3I4-immunoreactive AD7c-NTP in Lac B-AD7c and Lac F-AD7c cells, but not in either Lac A-CAT or Lac B-CAT cells ( Fig. 2A) . At the lower concentrations of IPTG (1-2 mM), there was a slightly graded response with progressive increases in AD7c-NTP expression. The graded effect of IPTG was likely due to the greater sensitive of the MICE assay compared with Western blot analysis since very low levels of immunoreactivity can be detected in as few as 10 4 cells (50). However, peak levels of AD7c-NTP expression were consistently achieved with 3 or 4 mM IPTG stimulation as detected by both the MICE assay and Western immunoblotting.
The CAT assay was used to demonstrate IPTG-induced gene expression in Lac A-CAT and Lac B-CAT cells. As illustrated in Figure 2B , IPTG stimulation of Lac A-CAT and Lac B-CAT cells resulted in strikingly increased levels of CAT activity. Peak-level induction of CAT activity occurred with 3 mM IPTG stimulation. CAT activity was not detected in IPTG-stimulated Lac B-AD7c Lac FAD7c cells. AAH expression was low-level in uninduced cells and abundant after 3 mM IPTG stimulation as demonstrated by Western blot analysis (data not shown).
Reduced Viability with AD7c-NTP Over-Expression IPTG-induced expression of AD7c-NTP resulted in increased cell death associated with the gradual accumulation of round, refractile floating cells that failed to exclude Trypan blue dye. In contrast, cells that over-expressed either the CAT or AAH gene remained flat, polygonal, and had delicate cell processes. To quantify the effects of AD7c-NTP over-expression on neuronal cell viability, Lac B-AD7c, Lac F-AD7c, Lac A-CAT, Lac B-CAT, and Lac A-AAH cells were seeded into 96-well plates at the he same viable cell density (2 ϫ 10 4 / well). Beginning 8 h after seeding when the cells were firmly adhered to the surfaces, the cultures were treated with 0 or 3 mM IPTG. After 24 h of IPTG stimulation, viability was measured using the Crystal violet assay. As shown in Figure 3 , the Lac A-CAT, Lac B-CAT, and Lac A-AAH cultures had similar viable cell densities independent of IPTG exposure, whereas the Lac B-AD7c and Lac F-AD7c cells manifested significant reductions in viability with IPTG stimulation (p Ͻ 0.005).
AD7c-NTP-Induced Apoptosis
To determine if the increased cell death associated with AD7c-NTP over-expression was mediated by apoptosis, the cells were stained with Hoechst H33258 dye, and genomic DNA was analyzed for fragmentation and nicking after 48 h of IPTG induction of gene expression. H33258 is a DNA binding dye that detects nuclear morphology including karyorrhexis and pyknosis associated with apoptosis. H33258 staining demonstrated uniform nuclear labeling in IPTG stimulated (3 mM) Lac A-CAT and Lac B-CAT cells (Fig. 4A) and unstimulated Lac BAD7c and Lac F-AD7c cultures (data not shown). In contrasts, the IPTG stimulated Lac B-AD7c and Lac F-AD7c cultures exhibited increased nuclear karyorrhexis and pyknosis (Fig. 4B) , consistent with apoptosis. Agarose gel electrophoresis and ethidium bromide staining of GnDNA isolated from the cells demonstrated only high molecular weight DNA in Lac A-CAT and Lac B-CAT cells, independent of IPTG stimulation, and in unstimulated Lac B-AD7c and Lac F-AD7c cultures (Fig. 4C) . In contrast, the IPTG-stimulated Lac B-AD7c and Lac FAD7c cultures exhibited increased Gn DNA fragmentation laddering characteristic of apoptosis (Fig. 4C) . The third assay used to demonstrate increased Gn DNA fragmentation in cells that over-expressed AD7c-NTP involved quantification of [␣ 32 P]dCTP incorporated into the 3Ј ends of fragmented or nicked DNA. Corresponding with the predominantly high molecular weight GnDNA detected by agarose gel electrophoresis, the Lac A-CAT and Lac B-CAT cells, with or without IPTG stimulation, exhibited low DNA labeling indices, while IPTG induction of AD7c-NTP resulted in significantly increased [␣ 32 P]dCTP incorporation into Gn DNA (p Ͻ 0.001) (Fig.  4D) .
Impaired Mitochondrial Function Associated with AD7c-NTP Over-Expression
In AD, neuronal cell death is mediated by both apoptosis and impaired mitochondrial function (27, 35) . To determine if AD7c-NTP over-expression could lead to impaired mitochondrial function, we examined mitochondrial function and mitochondrial mass in IPTG-stimulated (3 mM) Lac A-CAT, Lac B-CAT, Lac B-AD7c, and Lac F-AD7c cells using the MTT assay and MitoTracker fluorescent dye labeling. The MTT labeling studies demonstrated similarly high levels of MTT activity in Lac-CAT control cells, independent of IPTG stimulation (Fig. 5) . In contrast, the Lac B-AD7c and Lac F-AD7c cultures manifested significantly reduced levels of MTT activity with IPTG stimulation (Student t-test analysis; p Ͻ 0.005). Moreover, Lac F-AD7c cells had reduced levels of MTT activity in the absence of IPTG exposure, despite the normal levels of viability and undetectable AD7c-NTP expression (Fig. 5) , suggesting some degree of leakiness in the regulation of gene expression in those cells. MitoTracker Red and MitoTracker Green fluorescence labeling studies were used to assess mitochondrial function and mitochondrial mass, respectively. Parallel cultures were labeled with MitoTracker Red, MitoTracker Green, or both dyes and fluorescence intensity was measured in a Fluorocount microplate reader. The single-labeled studies were performed to confirm results obtained by double-labeling, in the event that intense degrees of labeling resulted in incorrect detection of fluorescence emission. The cells were subsequently labeled with H33258 to assess cell density using the Fluorocount microplate reader. The calculated ratios of MitoTracker Red/ H33258, MitoTracker Green/H33258, and MitoTracker Red/MitoTracker Green were used to compare labeling indices among the cultures. These studies demonstrated significantly reduced levels of MitoTracker Red/H33258 (p Ͻ 0.001), MitoTracker Green/H33258 (p Ͻ 0.001), and MitoTracker Red/MitoTracker Green (p Ͻ 0.01) in IPTG-stimulated (3 mM) Lac B-AD7c and Lac F-AD7c cultures relative to the Lac A-CAT and Lac B-CAT cells (Fig. 6A, B) . Fluorescence microscopy demonstrated bright labeling throughout the perikarya and cell processes of IPTG stimulated Lac-CAT control cells and diffusely reduced labeling of cells that over-expressed AD7c-NTP (Fig. 6C-F) .
AD7c-NTP-Induced Pro-Apoptosis Gene Expression
In AD, apoptosis is associated with increased levels of p53 and CD95/Fas-Apo-1 receptor (3, 4, 10) . To determine cells. In addition, since phospho-tau immunoreactivity colocalizes with AD7c-NTP in AD brains (39) , and amyloid-␤ peptide has been linked to apoptotic neuronal cell death and is likely to play a role in AD neurodegeneration (11, 13, 17, (54) (55) (56) , parallel cultures were analyzed for phospho-tau (Alz-50; obtained from Dr. Peter Davies) amyloid-␤ (A4; Dako Corp) immunoreactivity to determine if cellular accumulation of these molecules occurred with , and phospho-(p) Tau (C), but not amyloid-␤ (D) immunoreactivity with AD7c-NTP expression. Lac B-AD7c, Lac F-AD7c, and Lac A-CAT PNET2 cells were stimulated with 0-5 mM IPTG for 24 h. Immunoreactivity was quantified directly in cultured cells (96-well plates) using the microtiter immunocytochemical ELISA (MICE) assay. The MICE indices represent levels of immunoreactivity corrected for cell density (see Materials and Methods). Graphs depict mean Ϯ SD of immunoreactivity levels detected in 24 replicate culture wells. All experiments were repeated at least 3 times with similar results. The differences between the control and experimental groups were statistically significant with respect to p53, CD95, and pTau in cultures stimulated with 3-5 mM IPTG (p Ͻ 0.01).
AD7c-NTP over-expression. In the absence of IPTG stimulation, expression of p53, CD95, phospho-tau, and amyloid-␤ were low-level in all cultures. With IPTG stimulation, the levels of p53 and CD95 increased in the Lac B-AD7c and Lac F-AD7c cultures, but not in the Lac-CAT control cells (Fig. 7) . Although the levels of p53 and CD95 did not exactly parallel the levels of AD7c-NTP expression ( Fig. 2A) , the levels generally increased with IPTG concentration. In addition, parallel increases in the levels of phospho-tau immunoreactivity occurred in cells that over-expressed AD7c-NTP gene (Fig. 7C) , whereas the levels of amyloid-␤ remained unchanged with IPTGinduction of either AD7c-NTP or CAT gene expression (Fig. 7D) .
DISCUSSION
Increased levels of AD7c-NTP protein are detectable in the brain and cerebrospinal fluid at relatively early stages of AD. Abundant intra-neuronal AD7c-NTP protein expression is predominantly localized in either mildly degenerating or cytologically intact-appearing neurons that have preneurofibrillary tangle phospho-tau accumulation (39) . Although initial studies suggested that AD7c-NTP over-expression might contribute to AD neurodegeneration by promoting cell death (38), we were unable to investigate this issue using standard stably transfected cells because of progressive depletion of the cells in culture, which probably died due to apoptosis induced by AD7c-NTP expression. To circumvent this problem, we utilized the Lac Switch II inducible mammalian expression system in which AD7c-NTP expression was negatively regulated by a Lac repressor protein, and induced by IPTG stimulation, which inhibited Lac repressor gene expression. Thus, in the absence of IPTG, gene expression was kept off, but with IPTG stimulation, gene expression was rapidly induced and sustained for up to 96 h, after which the cells become refractory to IPTG (Stratagene). Using the Lac Switch II vector system we isolated, as expected, relatively few (8 of 556) doubly transfected clones in which gene expression was tightly regulated and associated with moderately high levels of AD7c-NTP protein expression or CAT activity. The studies reported herein were conducted using 2 representative clones that expressed AD7c-NTP and 2 clones that expressed the CAT gene.
IPTG stimulation resulted in increased expression of AD7c-NTP or CAT activity, which was readily detected within 24 h by Western blot analysis or measurement of CAT activity, respectively. Over-expression of the AD7c-NTP gene resulted in significantly reduced neuronal cell viability as demonstrated with the Crystal violet assay. Further studies demonstrated that AD7c-NTP-induced neuronal death was mediated by apoptosis, characterized by increased densities of cells with karyorrhectic or pyknotic nuclei, DNA fragmentation laddering, and incorporation of [␣-
32 P]dCTP into the 3Ј ends of nicked or fragmented genomic DNA. In AD, apoptosis is also associated with nuclear fragmentation and pyknosis, genomic DNA laddering, and increased genomic DNA nicking and fragmentation as demonstrated with quantitative and in situ end-labeling assays (3, 35) . This suggests that over-expression of AD7c-NTP may be sufficient to cause apoptosis in CNS neuronal cells. Although cell types other than neurons exhibit increased apoptosis and pro-apoptosis gene expression with AD and other forms of neurodegeneration (3, 4) , the mechanisms of non-neuronal cell degeneration are unknown and beyond the scope of these investigations.
In AD brains, the levels of AD7c-NTP protein detected by Western blot analysis or the ELSIA are typically only 2-or 3-fold higher than control (38) , whereas in the cells used in these experiments, the N3I4-immunoreactive ϳ41 kD AD7c-NTP species was abundantly expressed in IPTG-stimulated AD7c-NTP transfected cells, and virtually undetectable in unstimulated cells or in cells that were induced to express the CAT gene. Since the AD7c-NTP measurements were made in cell lysates or directly in cultured cells using the MICE assay, all of the AD7c-NTP immunoreactivity detected was intracellular in origin (as opposed to secreted). Moreover, it is noteworthy that at later stages of AD, the levels of AD7c-NTP protein measured in brain tissue extracts or in CSF do not necessarily correlate with severity of dementia, yet in all cases of advanced AD, high levels of AD7c-NTP protein accumulation is detectable in cortical neurons by immunohistochemical staining (38, 39) . These observations suggest that the neuronal cells at greatest risk for undergoing AD7c-NTP-induced apoptosis are those that express high levels of AD7c-NTP protein with intracellular accumulations of the protein.
This study demonstrated that AD7c-NTP-induced neuronal cell death was also associated with impaired mitochondrial function. The MTT assay provides a measure of mitochondrial function because the conversion of MTT to formazan is mediated by mitochondrial dehydrogenases. In cells that over-expressed AD7c-NTP, MTT activity was significantly reduced relative to control cells that were induced to express the CAT gene. In addition, using MitoTracker fluorescent dyes, we detected reduced levels of MitoTracker Red and MitoTracker Green fluorescence associated with AD7c-NTP over-expression. The MitoTracker Red dye provides a measure of mitochondrial function because the dye is rendered fluorescent via oxidation within metabolically active mitochondria. The reduced levels of MitoTracker Red fluorescence corroborate the results of the MTT assay. In addition, the MitoTracker Green fluorescence labeling studies revealed reduced mitochondrial mass, after correcting for cell density. The MitoTracker Green labeling index provides a reliable measurement of mitochondrial mass because the dye labels mitochondria irrespective of oxidative activity. The reductions in MTT activity and MitoTracker Red fluorescence were not due to cell death because in parallel cultures, the cells were demonstrated to be viable using the Crystal violet assay. Moreover, only adherent cells were analyzed by the MTT and Mitotracker fluorescence assays since nonviable PNET2 cells are nonadherent and easily removed during the post-labeling rinses. Therefore, these studies demonstrate that AD7c-NTP over-expression results in impaired mitochondrial function as well as reduced mitochondrial mass.
In AD, neuronal loss can be mediated by apoptosis, increased predisposition to apoptosis, or impaired mitochondrial function (27, (33) (34) (35) 57) . In AD, impaired mitochondrial function characterized by reduced levels of cytochrome oxidase expression is accompanied by reduced mitochondrial mass (abundance) associated with decreased levels of mitochondrial protein expression and MitoTracker Green labeling (35) . Impaired mitochondrial function could render neurons more vulnerable to apoptosis mediated by oxidative stress and free-radical injury. Apart from aging, the underlying mechanisms of impaired mitochondrial function and reduced mitochondrial mass in AD are not known. However, the findings herein suggest that over-expression of AD7c-NTP may contribute to this mechanism of neuronal cell death. In this regard, it is noteworthy that the uninduced Lac FAD7c cells manifested reduced levels of MTT activity, although the cells remained viable and AD7c-NTP expression was at a very low level. This suggests that even very low levels of AD7c-NTP over-expression may compromise mitochondrial function, and thereby predispose neuronal cells to oxidative stress and free radical injury.
In cells that were induced to over-express the AD7c-NTP gene, apoptosis was mediated by increased expression of the pro-apoptosis gene products, p53 and CD95. In AD, as well as in other neurodegenerative diseases, p53-and CD95-mediated apoptosis are important mechanisms of cell loss (3, 10). The levels of both p53 and CD95 increased with AD7c-NTP expression, and were not increased in cells that were induced to express the CAT gene, and recent studies further demonstrated that neuronal cells induced with IPTG to express a cDNA encoding ␤-galactosidase or luciferase also remained viable (data not shown). Results from previous studies suggest that the accumulation of amyloid-␤ in brains with AD may be an important mediator of apoptosis because increased levels of Bax and p53 immunoreactivity have been localized within and around amyloid-␤ deposits in senile plaques (3, 4, 58, 59) . Experimentally, amyloid-␤ has been shown to be neurotoxic or to induce pro-apoptosis and inhibit cell survival gene expression (13, (15) (16) (17) (18) (60) (61) (62) and activate oxidative stress-related genes (17, 63, 64) . Moreover, amyloid-␤-induced cellular degeneration can be rescued or prevented by treatment with antioxidant or free radical scavenger agents (61) . Therefore, amyloid-␤ deposits in the brain may indirectly contribute to cell loss in AD due to activation of pro-apoptosis genes.
We investigated the potential role of amyloid-␤-accumulation in AD7c-NTP-induced neuronal cell death by measuring amyloid-␤ immunoreactivity directly in the cultured cells stimulated with different concentrations of IPTG. Those studies demonstrated that AD7c-NTP overexpression was not associated with increased levels of amyloid-␤ immunoreactivity, thus making it is unlikely that the AD7c-NTP-induced apoptosis and pro-apoptosis gene activation were mediated indirectly through amyloid-␤ cytotoxicity. This finding is pertinent because the in vivo investigations of human brain tissue also demonstrated a lack of correlation between AD7c-NTP overexpression and amyloid-␤ immunoreactivity in AD (39) . In this regard, it is noteworthy that only some amyloid-␤ deposits are surrounded by p53-or Bax-immunoreactive fibrils (3, 58, 59) , suggesting that other factors may be required to link amyloid-␤ to neurodegeneration.
The mechanisms by which AD7c-NTP over-expression leads to increased apoptosis, impaired mitochondrial function, and increased levels of pro-apoptosis gene expression in neuronal cells are not known. One possible interpretation of the data is that that high-level expression of a membrane-associated protein such as AD7c-NTP could overwhelm the endoplasmic reticulum and thereby activate cell death pathways. However, this is an unlikely scenario because over-expression aspartyl-asparaginyl ␤-hydroxylase, which is also a transmembrane protein, does not cause apoptosis in PNET2 neuronal cells. Alternatively, the association between AD7c-NTP immunoreactivity and dementia-associated cytoskeletal lesions in AD brains may involve indirect mechanisms leading to the co-accumulation of hyperphosphorylated cytoskeletal proteins such as phospho-tau. Although the studies herein demonstrated increased levels of phospho-tau immunoreactivity with AD7c-NTP over-expression, it is not certain if this phenomenon is caused by other factors related to the activation of pro-apoptosis pathways. For example, in recent studies we demonstrated that oxidative stress and free radical injury induce some Alzheimer-type molecular abnormalities including p53-mediated apoptosis, impaired mitochondrial function and accumulation of phospho-tau in neuronal cells (36, 37) . Therefore, a potential mechanism by which AD7c-NTP over-expression leads to similar neuronal abnormalities and contributes to the AD neurodegeneration cascade is to promote intracellular oxidative injury. Future experiments will be designed to test this hypothesis using in vivo and in vitro models.
